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DPRQJ WKH PRVW SURPLVLQJ QDQRPDWHULDOV %HJLQQLQJ ZLWK IXOOHUHQHV PRYLQJ WR FDUERQ QDQRWXEHV FDUERQ
QDQRVSKHUHV DQG PRVW UHFHQWO\ WR JUDSKHQH FDUERQ QDQRPDWHULDOV DUH ZLGHO\ VWXGLHG DQG XVHG LQ D UDQJH RI
DSSOLFDWLRQV LQFOXGLQJ HOHFWURQLFV WULERORJ\ DQG HQHUJ\ VWRUDJH +RZHYHU WZR NLQGV RI FDUERQ QDQRSDUWLFOHV
FDUERQQDQRWXEHVDQGFDUERQQDQRPLFURVSKHUHVVWD\HGIRUDORQJWLPHLQWKHVKDGRZRIPRUHSRSXODUDQGEHWWHU
LQYHVWLJDWHG QDQRFDUERQV+RZHYHU ERWK KDYH EHFRPH LQFUHDVLQJO\ VWXGLHG LQ UHFHQW \HDUV 7KHUH DUH QXPHURXV
VWXGLHV RQ FDUERQ QDQRPDWHULDOV DSSOLFDWLRQV )RU H[DPSOH &17V KDV EHHQZLGHO\ XVHG IRU YDULRXV DSSOLFDWLRQV
VXFKDVVXSHUFDSDFLWRUV 1DH\RXQJ-XQJHWDO  FKHPLFDOVHQVRUV -LQJ.RQJ HWDO DQG HQHUJ\VWRUDJH
GHYLFHV =H\XDQ &DR HW DO  2QH RI WKH PRVW H[FLWLQJ DSSOLFDWLRQV IRU &17V LV K\GURJHQ VWRUDJH +LJK
WKHUPDO FRQGXFWLYLW\ UHPDUNDEOH PHFKDQLFDO SURSHUWLHV FKHPLFDO VWDELOLW\ DQG KLJK VXUIDFH WR YROXPH UDWLR RI
&17VDQG&16VDUHYHU\DSSHDOLQJIRUK\GURJHQVWRUDJHDSSOLFDWLRQV
6SKHULFDOO\ VKDSHG FDUERQ PDWHULDOV KDYH EHHQ JLYHQ PDQ\ QDPHV 7KH\ LQFOXGH FDUERQ EDOOV FDUERQ
QDQRVSKHUHVFDUERQPLFUREHDGVFDUERQEODFNVRQLRQVPHVRSRURXVPLFUREHDGVHWF %DVDYDOLQJX%HWDO
0DQ\FDUERQVSKHUHVKDYHEHHQVKRZQWREHPDGHRIOD\HUVRIFDUERQWKDWW\SLFDOO\IRUPEURNHQFRQFHQWULFOD\HUV
HPDQDWLQJ IURP WKH FRUH &DUERQ VSKHUHV DWWUDFWHG WR HDFK RWKHU E\ YDQGHU ZDDOV IRUFHV DQG WKLV OHDGV WR
DJJORPHUDWHGFROOHFWLRQVRIFDUERQVSKHUHV =DR[XH<DQ HWDO:KHQFDUERQVSKHUHVKDYHGLDPHWHUOHVVWKDQ
 QP WKH\ DOVR WHQG WR DFFUHWH PHDQLQJ WR ERQG WRJHWKHU WR IRUP QHFNODFH RU EHDG OLNH VWUXFWXUH &DUERQ
VSKHUHVZLWKGLIIHUHQWVWUXFWXUHIURPWKH& FDJHDQGFDUERQRQLRQVKDYHXQFORVHGJUDSKHQHOD\HUV&RPSDUHGWR
WKHVWXGLHVRIIXOOHUHQH&17DQGQDQRILEUHV UHSRUWVRQWKHUHVHDUFKRIFDUERQVSKHUHVDUH UHODWLYHO\IHZLQQXPEHU
&DUERQ VSKHUHV KDYH VLPLODU SURSHUWLHV WR JUDSKLWH RU IXOOHUHQH ZKLFK DOORZV WKHP WR IDEULFDWH GLDPRQG ILOPV
OXEULFDWLQJ PDWHULDOV DQG VSHFLDO UXEEHU DGGLWLYHV +RZHYHU DQ HFRQRPLF PHWKRG RI SUHSDULQJ ODUJH DPRXQW RI
FDUERQVSKHUHVXQGHUUHDVRQDEOHH[SHULPHQWDOFRQGLWLRQVLVVWLOODODFNLQJDVSHFW:HKDYH V\QWKHVL]HG VROLGFDUERQ
VSKHUHV ZLWK DWWDFKHG OREHV DQG QRGHV ZKLFK ZHUH V\QWKHVL]HG DW  & E\ D K\GURWKHUPDO SURFHGXUH
.ULVKQDPXUWK\* HW DO  ,QWHUHVWLQJO\ WKHVH FDUERQ VSKHUHV DUH KDYLQJ WZR WR IRXU DWWDFKHG OREHV KDYLQJ
D[LDOWULJRQDODQGWHWUDKHGUDOPRUSKRORJ\3UREDEO\WKHUHDUHQRRUDIHZUHSRUWVRQVXFKFDUERQVSKHUHV $OVR LQ
SXUVXLWRISUHSDUDWLRQRIFDUERQVSKHUHVXQGHUK\GURWKHUPDOFRQGLWLRQZHKDYHXVHGVWDUFKDVFDUERQVRXUFHXQGHU
K\GURWKHUPDOFRQGLWLRQLQWKHSUHVHQFH RIQRQYRODWLOHDFLGDTXHRXVVROXWLRQ DWORZWHPSHUDWXUH .ULVKQDPXUWK\*
HW DO  7KLV FDWDO\VWIUHH V\QWKHVLV VWUDWHJ\ ZLOO SURPRWH D EHWWHU XQGHUVWDQGLQJ RI &06V JURZWK DQG
PRUHRYHUWKHDVV\QWKHVL]HG&06VPD\ OHDGWRPDQ\QHZSRWHQWLDODSSOLFDWLRQV 7KHPRUSKRORJLFDODQGVWUXFWXUDO
FKDUDFWHULVWLFVRI WKHJURZQVDPSOHVZHUHFRQWUROOHGE\DGMXVWLQJ WKHSDUDPHWHUV VXFKDV WKHFRQFHQWUDWLRQRI WKH
VROXWLRQWKHWHPSHUDWXUHDQGWKHS+
&DUERQQDQRWXEHVKDYHUHFHLYHG ZLGHDWWHQWLRQ LQUHFHQW\HDUVGXH WR WKHUHDOL]DWLRQRI LWVH[FHOOHQWSURSHUWLHV
&DUERQ QDQRWXEHV &17V KDYH LQWULJXHG PDQ\ UHVHDUFK JURXSV EHFDXVH RI WKHLU XQLTXH FKHPLFDO DQG SK\VLFDO
SURSHUWLHV+\GURJHQLVWKHUHQHZDEOHVRXUFHRIHQHUJ\VRLWKDV EHHQFDWHJRUL]HGDVJUHHQVRXUFH 5LPDO$EX7DKD
HWDO ,QIXWXUHZHZRXOGKDYHPDQ\HQYLURQPHQWDOSUREOHPVGXHWRXWLOL]LQJIRVVLOIXHOV %U\DQ5RJDODHW
DO  +\GURJHQ XQOLNH IRVVLO IXHOV LV DFOHDQHQHUJ\VRXUFHZKLFKGRHVQRW UHOHDVH KDUPIXOJDVHV LQWR WKH
HQYLURQPHQW+RZHYHUXSWRQRZVFLHQWLVWVKDYHQRWDFFHVVHGWRKLJKHIILFLHQWDQGDSSOLFDEOHPHWKRGIRUK\GURJHQ
VWRUDJH5HJDUGLQJWKHGHSDUWPHQWRIHQHUJ\'2( 5HQDWD2ULQDNRYDHWDO LWLVHVVHQWLDOWRVWRUHXSWR
ZWRIK\GURJHQ LQ V\VWHPWREHXWLOL]HGDVK\GURJHQUHVRXUFHV LQ IXHOFHOOV7KHERWWOHQHFN LVKRZWRVWRUHDQG
UHOHDVHK\GURJHQHIILFLHQWO\+\GURJHQFDQLQWHUDFWZLWKQDQRPDWHULDOVE\WZRGLIIHUHQWPHFKDQLVPVSK\VLVRUSWLRQ
DQGFKHPLVRUSWLRQV 'LQDGD\DODQH7&HWDO ,QWKHSK\VLVRUSWLRQSURFHVV+ UHWDLQVLWVPROHFXODULGHQWLW\
ZKHQ LW LQWHUDFWV ZLWK WKH FDUERQ QDQRVWUXFWXUHV ZKHUHDV DWRPLF K\GURJHQ JHQHUDWHG E\ GLVVRFLDWLRQ RI +
PROHFXOHVELQGVZLWKWKHFDUERQDWRPVRIWKHQDQRWXEHVOHDGLQJ WRVWURQJ&+ERQGVLQWKHFKHPLVRUSWLRQSURFHVV
&RYDOHQWELQGLQJRIDWRPLFK\GURJHQRQWKHVLGHZDOOVRI0:17VUHVXOWVLQWKHGLVUXSWLRQRIWKHERQGLQJQHWZRUN
E\ FKDQJLQJ WKH FDUERQ DWRP K\EULGL]DWLRQ IURP VS WR VS ,Q FRQWUDVW WKH DURPDWLF ERQGLQJ IUDPHZRUN LV QRW
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DOWHUHGGXULQJSK\VLVRUSWLRQ+\GURJHQVWRUDJHRI&17VDQG&16VLQFOXGHVSK\VLVRUSWLRQXQGHUKLJKSUHVVXUHDQG
HOHFWURFKHPLFDODGVRUSWLRQ
,Q WKLV VWXG\ ZH UHSRUW WKH V\QWKHVLV RI FDUERQ PLFURQDQR VSKHUHV DQG 0XOWLZDOOHG &DUERQ QDQRWXEHV DQG
HOHFWURFKHPLFDOK\GURJHQDGVRUSWLRQVWXG\RI V\QWKHVL]HGFDUERQQDQRPDWHULDOV7KHGLDPHWHUDQGQDQRVWUXFWXUHV
ZHUHVWXGLHG LQGHWDLOXVLQJDVXLWHRI FKDUDFWHUL]DWLRQPHWKRGVZKLFK LQFOXGHGKLJKUHVROXWLRQVFDQQLQJHOHFWURQ
PLFURVFRS\ 6(0 WUDQVPLVVLRQ HOHFWURQPLFURVFRS\ 7(0DQG ;UD\GLIIUDFWLRQ VWXGLHV ;5' :HPHDVXUHG
WKHHOHFWURFKHPLFDOFKDUJHGLVFKDUJHK\GURJHQFDSDFLW\RIFDUERQVSKHUHVDQG0:17V7KHVWRUDJHZDVIRXQGWR
EH SULPDULO\ GXH WR WKH VRUSWLRQ RI + JDV LQ WKH SRUHV RI WKH QDQRWXEH DJJUHJDWH FRPELQHG ZLWK VRPH
FKHPLVRUSWLRQRQWKHDPRUSKRXVFDUERQLPSXULWLHVLQWKHVDPSOH7KHFDUERQVSKHUHVV\QWKHVL]HGE\VXFURVHVKRZV
WKHDGVRUSWLRQRIK\GURJHQRIP$KJFRUUHVSRQGLQJWRZWFDUERQVSKHUHVV\QWKHVL]HGE\VWDUFKVKRZVWKH
DGVRUSWLRQRIK\GURJHQXSWRP$KJFRUUHVSRQGLQJWRZWDQGPXOWLZDOOHGFDUERQQDQRWXEHVV\QWKHVL]HG
VKRZV WKH DGVRUSWLRQ RI K\GURJHQ RI  P$KJ FRUUHVSRQGLQJ WR  ZW %RWK FDUERQ VSKHUHV DQG FDUERQ
QDQRWXEHVVKRZVWDEOHF\FOLQJSHUIRUPDQFH7KXV WKHSXULW\DQGSRURXVQDWXUHRIFDUERQVSKHUHVDQGF\OLQGULFDO
DQG KROORZ VSDFH LQ FDVH RI &17V SURYLGH PRUH DFWLYH VXUIDFH IRU K\GURJHQ DGVRUSWLRQ  $OVR WKHLU JRRG
FRQGXFWLQJQDWXUHDSSHDUVWREHDIDYRXUDEOHIDFWRUIRUHOHFWURFKHPLFDOPHDVXUHPHQW 7KHUHVXOWVKRZVWKHLQFUHDVH
LQK\GURJHQDGVRUSWLRQZLWKLQFUHDVHLQSXULW\DQGSRURXVQDWXUHRIWKHVDPSOHVLQFDVHRIFDUERQVSKHUHVZKHUHDV
LQFDVH RI&17VGXHWRWKHLUF\OLQGULFDODQGKROORZVKDSHZKLFKSURYLGHPRUHDFWLYHVXUIDFHDQGVSDFHIRUK\GURJHQ
DGVRUSWLRQDQGKDYHJRRGFRQGXFWLYLW\ZKLFKLVDIDYRUDEOHIDFWRUIRUHOHFWURFKHPLFDOPHDVXUHPHQW
 ([SHULPHQWDOVHFWLRQ
 0DWHULDOV
6WDUFK 6XFURVH )HUURFHQH 6RGLXP K\GUR[LGH 1D2+ DQG VROYHQWV XVHG LQ WKLV ZRUN ZHUH SXUFKDVHG IURP
$OGULFK7KHHQWLUHFKHPLFDOVZHUHRIDQDO\WLFDOSXULW\DQGXVHGZLWKRXWDQ\IXUWKHUSXULILFDWLRQ
 6\QWKHVLVRIFDUERQPLFURQDQRVSKHUHV
7KH FDUERQPLFURQDQRVSKHUHVZHUHREWDLQHGE\DK\GURWKHUPDOPHWKRG$VWDUWLQJVROXWLRQRIVXFURVHDQGVWDUFK
ZDVSUHSDUHGE\PL[LQJWKHVHLQQRQDFLGDTXHRXVVROYHQW 7KHVROXWLRQRIWRWDOPOZDVPDJQHWLFDOO\VWLUUHGIRU
 PLQ DQG WKHQ WDNHQ LQWR D VWDLQOHVV VWHHO DXWRFODYH ZLWK 7HIORQ LQQHU OLQLQJ RI  PO FDSDFLW\ 7KH DERYH
DXWRFODYHFRQWDLQLQJWKHUDZPDWHULDOVZDVVHDOHGWLJKWO\DQGNHSWLQWRDGLJLWDOHOHFWURQLFPXIIOHIXUQDFH7KHQLW
ZDV KHDWHG WR  & IRU DERXW  K DQG DOORZHG WR FRRO WR URRP WHPSHUDWXUH7KH EODFN SURGXFW REWDLQHGZDV
FROOHFWHG E\ ILOWUDWLRQ DQG ZDVKHG VHTXHQWLDOO\ ZLWK DQK\GURXV HWKDQRO K\GURFKORULF DFLG DQG GHLRQL]HG ZDWHU
VHYHUDOWLPHVWRUHPRYHWKHUHVLGXDOLPSXULW\DQGRWKHUVROXEOHPDWWHUV,WZDVWKHQRYHQGULHGDW&IRUK
 6\QWKHVLVRIPXOWLZDOOHGFDUERQQDQRWXEHV
7KHPXOWLZDOOHGFDUERQQDQRWXEHVZHUHDOVRREWDLQHGE\DK\GURWKHUPDOPHWKRG.ULVKQDPXUWK\HWDO,Q
D W\SLFDOV\QWKHVLV IHUURFHQHDQGVXOSKXU LQSURSRUWLRQVZHUHGLVVROYHG LQD PL[HGVROXWLRQRIZDWHUHWKDQRO
DQG1D2+SHOOHWVZHUHDGGHG WR WKHDERYHVROXWLRQXQGHU VWLUULQJ IRUPLQ LQDPDJQHWLF VWLUUHU7KHUHVXOWLQJ
KRPRJHQHRXVPL[WXUHZDV WUDQVIHUUHG WRSDUU UHDFWRU7KHDXWRFODYHZDVKHDWHG WR&DQGPDLQWDLQHGDW WKLV
WHPSHUDWXUH IRU  K DQG WKHQ LW ZDV FRROHG WR URRP WHPSHUDWXUH QDWXUDOO\ 7KH UHVXOWLQJ EODFN SUHFLSLWDWH ZDV
ILOWHUHGZDVKHGZLWKDOFRKRODFLGDQGWKHQGLVWLOOHGZDWHUVHYHUDOWLPHVDQGWKHQGULHGDW&LQDLU
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 0DWHULDOV&KDUDFWHUL]DWLRQ
7KH VDPSOHV ZHUH FKDUDFWHUL]HG E\ WKH ;UD\ GLIIUDFWRPHWHU ;5' RQ D %UXNHU ' $GYDQFH SRZGHU ;UD\
GLIIUDFWRPHWHU XVLQJ WKHPRQRFKURPDWLF KLJKLQWHQVLW\ &X.Į UDGLDWLRQ Ȝ   QP DW D VFDQQLQJ UDWH RI
 V LQ K LQ WKH UDQJH RI  7KH 5DPDQ VSHFWUDO VWXGLHV ZHUH PDGH XVLQJ )75DPDQ 3HUNLQ (OPHU
LQVWUXPHQWV UHVSHFWLYHO\ WRREWDLQ LQIRUPDWLRQRQ JUDSKLWH IRUPDWLRQ7KH WKHUPR JUDYLPHWULF DQDO\VLV 7*$ LV
PDGHE\XVLQJ7*LQVWUXPHQWIURP6(7$5$0&R6(76<66'77KHPRUSKRORJ\RIWKHVDPSOHVZDV
LQVSHFWHG ZLWK D ILHOG HPLVVLRQ VFDQQLQJ HOHFWURQ PLFURVFRSH -(2/ -60  /9 PRGHO DQG 3KLOOLSV &0 
7UDQVPLVVLRQHOHFWURQPLFURVFRSH7(07KHVDPSOHVXVHGIRU7(0DQDO\VLVZHUHSUHSDUHGE\VRQLFDWLQJRIGULHG
SURGXFWV LQ DEVROXWH HWKDQRO IRU PLQ DQG IROORZHG E\ SXWWLQJ ± GURSV RI WKH VXVSHQVLRQV RQ FDUERQFRDWHG
FRSSHUJULGV$OOWKHPHDVXUHPHQWVZHUHSHUIRUPHGDWURRPWHPSHUDWXUH7KHHOHFWURFKHPLFDOK\GURJHQDGVRUSWLRQ
PHDVXUHPHQWVZHUHFDUULHGRXWXVLQJD(*DQG*3RWHQWLRVWDW*DOYDQRVWDW$XWRODEZLWK3*67$7VHWZDVXVHG
 (OHFWURGHSUHSDUDWLRQDQG(OHFWURFKHPLFDOPHDVXUHPHQW
(OHFWURGHV ZHUH SUHSDUHG E\ PL[LQJ  PJ RI WKH 0:17V ZLWK &X SRZGHU LQ WKH UDWLR RI  ZLWK D
SRO\WHWUDÀXRURHWK\OHQH37)(ELQGHU7KHSXWW\IRUPRIWKHPL[WXUHZDVPHFKDQLFDOO\SUHVVHGRQWRD1LPHVKDW
URRPWHPSHUDWXUH7KHQWKHHOHFWURGHZDVVLQWHUHGDW &IRUDERXWKXQGHUYDFXXP7KHJHRPHWULFDUHDRIWKH
HOHFWURGHZDVDERXWFP  5DMDODNVKPL1HWDO
7KH HOHFWURFKHPLFDO K\GURJHQ DGVRUSWLRQ PHDVXUHPHQWV ZHUH FDUULHG RXW XVLQJ D (* DQG * 3RWHQWLRVWDW
*DOYDQRVWDWZLWKWKHKHOSRIDWKUHHHOHFWURGHV\VWHPXVLQJV\QWKHVL]HG0:17VDVZRUNLQJHOHFWURGH3ODWLQXPDV
FRXQWHUHOHFWURGH DQGVDWXUDWHGFDORPHODV UHIHUHQFHHOHFWURGH(OHFWURFKHPLFDOPHDVXUHPHQWVZHUHFDUULHGRXW LQ
DQ HOHFWURO\WH FRQGLWLRQ LQ RSHQ FHOOV 7KH HOHFWURO\WH 0.2+ZDV SUHSDUHG IURP UHDJHQW JUDGH.2+DQG GH
LRQLVHGZDWHU&KURQRSRWHQWLRPHWU\FRQWUROOHGSRWHQWLDOFRXORPHWU\DQGF\FOLFYROWDPPHWU\ZHUHXVHG WRJDWKHU
WKHHOHFWURFKHPLFDOGDWDUHSRUWHGKHUH&\FOLF9ROWDPPHWU\RISUHSDUHGHOHFWURGHZDVVWXGLHGLQDSRWHQWLDOUDQJHRI
 WR  9 ZLWK VFDQ UDWHV RI  P9 V IRU DFWLYDWLRQ 7KH HOHFWURGHV ZHUH WHVWHG IRU WKHLU FKDUJH±GLVFKDUJH
FKDUDFWHULVWLFVDQGK\GURJHQDGVRUSWLRQFDSDFLW\7KHH[SHULPHQWVZHUHGRQHLQDPELHQWSUHVVXUHDQGWHPSHUDWXUH
5HVXOWVDQG'LVFXVVLRQV
0XOWLZDOOHG &DUERQ QDQRWXEHV DQG &DUERQ VSKHUHV ZHUH V\QWKHVL]HG K\GURWKHUPDOO\ DW  & )LJ  D E
VKRZVWKH;5'SDWWHUQRIDVV\QWKHVL]HGFDUERQVSKHUHVDQGFDUERQQDQRWXEHVDPSOHVUHVSHFWLYHO\7KHVWURQJDQG
VKDUSGLIIUDFWLRQSHDNVVKRZWKDWWKHDVREWDLQHGSURGXFWKDYHKLJKFU\VWDOODQLW\7KHUHLVDSHDNDWș  R ZKLFK
FRUUHVSRQGVWRSODQHRIJUDSKLWH5DPDQVSHFWURVFRS\LVDQLPSRUWDQWWRRODVLWFDQSURYLGHLQIRUPDWLRQDERXW
WKHFU\VWDOVWUXFWXUHDQGWKHSUHVHQFHRIWKHGLVRUGHULQWKHVDPSOH5DPDQVSHFWUXPDOVRSURYLGHVWKHLQIRUPDWLRQ
DERXWWKHUHPRYDORIWKHDPRUSKRXVDQGVWUXFWXUDOGLVRUGHUVIURPWKHVDPSOHV 7KH5DPDQVSHFWUDOGDWDRIFDUERQ
VSKHUHVDQGFDUERQQDQRWXEHV)LJ DE VKRZVSHDNDWFP'%DQGFRUUHVSRQGV WRYLEUDWLRQVRIFDUERQ
DWRPVZLWKGDQJOLQJERQGVLQSODQHWHUPLQDWLRQVRIGLVRUGHUHG JUDSKLWHDQGFP *%DQGDWWULEXWHGWRWKH
(J PRGH RI JUDSKLWH +RZHYHU WKH ZHDN LQWHQVLWLHV RI WKH SHDNV LQ 5DPDQ VSHFWUD RI VSKHUHV PD\ UHYHDO WKH
UHODWLYHO\ ORZ JUDSKLWL]DWLRQ 5DPDQ VSHFWUD RI &17V DUH EDVHG RQ SKRQRQ GLVSHUVLRQ UHODWLRQVKLS RI WZR
GLPHQVLRQDOJUDSKLWHDQGWKHPHWKRGRIIROGLQJRIWKH%ULOORXLQ]RQH 7KH5DPDQVSHFWUXP)LJE KDVVKRZQWKH
SHDNDWFP'%DQGZKLFKFRUUHVSRQGVWRWKH GLVRUGHULQGXFHGSKRQRQPRGHZKLFKLVUHODWHGWRWKHPRGH
RIERXQGDULHVLQWKH%ULOORXLQ]RQH,WLVGXHWRWKHGLVRUGHUFRPSRQHQWVDQGPDLQO\RULJLQDWHVIURPSKRQRQPRGH
RI0SRLQWDQG.SRLQWRIWKHKH[DJRQDO%ULOORXLQ]RQH
1060   G. Krishnamurthy et al. /  Procedia Materials Science  5 ( 2014 )  1056 – 1065 
)LJDE ;5'SDWWHUQRIFDUERQVSKHUHVV\QWKHVL]HG E\ )LJDE 5DPDQVSHFWUDRIFDUERQVSKHUHVD FDUERQ
VXFURVHVWDUFKD &DUERQQDQRWXEHVE QDQRWXEHVE
 6WUXFWXUHDQGPRUSKRORJ\RIFDUERQQDQRVWUXFWXUHV
)LJXUHLQGLFDWHVWKHVFDQQLQJ HOHFWURQPLFURVFRSLF6(0LPDJHVRIWKHFDUERQVSKHUHVV\QWKHVL]HGE\VXFURVH
)LJDVWDUFK )LJEDQGFDUERQQDQRWXEHV)LJ F G 7KH LPDJHVZHUHREWDLQHGRQ WKH LQVWUXPHQW-(2/
PRGHO-60/9VFDQQLQJHOHFWURQPLFURVFRSH
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)LJ6(0LPDJHVRIFDUERQVSKHUHVV\QWKHVL]HGE\VXFURVH D VWDUFK E PXOWLZDOOHGFDUERQQDQRWXEHV FG
7KHPRUSKRORJ\DQGVL]HRIWKHDVV\QWKHVL]HGSURGXFWZDVFKDUDFWHUL]HGE\VFDQQLQJHOHFWURQPLFURVFRSH6(0
DQG7UDQVPLVVLRQHOHFWURQPLFURVFRSH7(0,WFDQEHVHHQWKDWWKHVDPSOHFRQVLVWVRIDODUJHQXPEHURIXQLIRUP
FDUERQ VSKHUHV DQG&17V7KH SURSRUWLRQ RI FDUERQ VSKHUHV LQ WKH VDPSOH REWDLQHG IURP VXFURVHZDV  DQG
VDPSOHREWDLQHGIURPVWDUFKZDVDERXWZKHUHDVEXQGOHVRI&17VRISXULW\DUHHYDOXDWHGIURPWKH6(0
LPDJHV $V VHHQ LQ WKH LPDJHV )LJ D WKH DJJUHJDWHG SDUWLFOHV DUH VSKHULFDO LQ PRUSKRORJ\ ZLWK SRO\GLVSHUVH
SDUWLFOHVVL]HVWKDWUDQJHIURPOHVVWKDQQPXSWRȝP7KHSDQRUDPLF6(0LPDJHLQ)LJXUHEUHYHDOVWKDW
WKH VDPSOH FRQVLVWV RI D ODUJH DPRXQW RI XQLIRUP PLFURVSKHUHV ZLWK D GLDPHWHU RI DERXW  P DQG WKH
PRUSKRORJLFDO\LHOGRIWKHPLFURVSKHUHVZRXOGEHDSSUR[LPDWHO\!)LJXUHEVKRZVWKHSHUIHFWVSKHULFDO
PRUSKRORJ\RIWKH&06VZLWKVPRRWKVXUIDFH7KHVSKHUHVDUHQHDUO\PRQRGLVSHUVHDQGWKHGLDPHWHURIWKHVSKHUHV
LVDERXWQP  P)LJFGLOOXVWUDWHVWKH6(0LPDJHVRI0:&17VLQGLIIHUHQWPDJQLILFDWLRQV7KHORZ
DQGKLJKPDJQLILFDWLRQLPDJHVVKRZWKDW&DUERQQDQRWXEHVFDQEHSUHSDUHGE\WKLVDSSURDFK7KH&17VREWDLQHG
KHUH ORRN OLNH ZHOO DOLJQHG 7KH DYHUDJH RXWHU GLDPHWHU DQG OHQJWK RI&17VZHUH DERXW ± QP DQG  P
UHVSHFWLYHO\
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)LJ7(0LPDJHVRIFDUERQVSKHUHVV\QWKHVL]HGE\VXFURVHD  VWDUFKE  PXOWLZDOOHGFDUERQQDQRWXEHVFG
7KHGLIIHUHQFHRIPLFURVWUXFWXUHRIFDUERQVSKHUHVDQG&17VLVFOHDUHUIURP7(0REVHUYDWLRQ7KH7(0LPDJHV
RIFDUERQVSKHUHVDQG&17VDUHGLVSOD\HGLQ)LJ7KHKLJKPDJQLILFDWLRQ7(0LPDJH)LJFGRIWKHFDUERQ
QDQRWXEHVDPSOHVSURYLGHVGHWDLOHGVWUXFWXUDOLQIRUPDWLRQRQWKHFDUERQQDQRWXEHV7KHLQQHUGLDPHWHUVRIWKHWXEHV
DUHDERXW±QPDQGRXWHUGLDPHWHURIWKHWXEHVDUHDERXWQP
 +\GURJHQ6WRUDJH
+\GURJHQ VWRUDJH SURSHUW\ RI WKH DV V\QWKHVL]HG &DUERQ VSKHUHV DQG 0:&17V ZHUH PHDVXUHG E\
HOHFWURFKHPLFDO WHFKQLTXH ,Q RUGHU WR H[SORUH WKHPHFKDQLVP RI + VWRUDJH LQ V\QWKHVL]HG0:&17V ZH KDYH
SHUIRUPHGHOHFWURFKHPLFDO+ DGVRUSWLRQDQGGHVRUSWLRQPHDVXUHPHQWV7KHVWRUDJHZDVIRXQGWREHSULPDULO\GXH
WR WKH VRUSWLRQ RI + JDV LQ WKH SRUHV RI WKH QDQRWXEH DJJUHJDWH FRPELQHG ZLWK VRPH FKHPLVRUSWLRQ RQ WKH
DPRUSKRXVFDUERQLPSXULWLHVLQWKHVDPSOH
'XULQJ WKH FKDUJH SURFHVV WKH ZDWHU LQ WKH HOHFWURO\WH GLVVRFLDWHV DW WKH ZRUNLQJ HOHFWURGH &DUERQ
VSKHUHV&17VLQWRWKHDGVRUEHGDWRPLFK\GURJHQDQG2+í LRQVUHPDLQLQJLQWKHHOHFWURO\WH7KHDGVRUEHGDWRPLF
K\GURJHQPD\LQWHUFDODWHLQWKHHOHFWURGHRUUHFRPELQHDWWKHVXUIDFHWRIRUPPROHFXODUK\GURJHQDQGGLIIXVHLQWR
WKHHOHFWURGHRUIRUPJDVEXEEOHVDWWKHVXUIDFHRIWKHHOHFWURGH'XULQJWKHGLVFKDUJHSURFHVVWKH
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K\GURJHQ LQ WKH HOHFWURGH UHFRPELQHV ZLWK WKH 2+í LRQV LQ WKH HOHFWURO\WH WR IRUP ZDWHU PROHFXOHV 7KLV
UHDFWLRQ LV DFFRPSDQLHG ZLWK D FKDUJH WUDQVIHU DQG WKHUHIRUH WKH DPRXQW RI K\GURJHQ GHVRUEHG IURP WKH
HOHFWURGHFDQEHPHDVXUHGE\PHDVXULQJWKHHOHFWULFFKDUJHZKLFKLVHTXDOWRWKHSURGXFWRIFXUUHQWDQGWLPHLQ
DJDOYDQRVWDWLFVHWXS 3LHU3DROR3URVLQLD HWDO 7KHFKDUJHDQGGLVFKDUJHFXUYHVRIFDUERQVSKHUHVDQG
&17HOHFWURGHVDWDFRQVWDQWFXUUHQWRIP$DUHVKRZQLQ)LJ 7KHFKDUJHDQGGLVFKDUJHSRWHQWLDOZHUH
DURXQG íDQGí9YHUVXV6&(UHVSHFWLYHO\7KHHTXLOLEULXPFXUYHVZHUHREWDLQHGLQWKHQRUPDOPRGHDW
DFRQVWDQWGLVFKDUJHFXUUHQWRIP$
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)LJ&KDUJH 'LVFKDUJHFXUYHRIFDUERQVSKHUHVDQG )LJ&\FOLFYROWDPPHWULFFXUYHVRIFDUERQVSKHUHVDQG0:&17V
0:&17VDWFRQVWDQWFXUUHQWRIP$
&\FOLF9ROWDPPHWU\ &9 )LJ ZDVXVHG WR VWXG\ WKH HOHFWURFKHPLFDO EHKDYLRU RI DV SUHSDUHG HOHFWURGH7R
LQYHVWLJDWHWKHR[LGDWLRQDQGUHGXFWLRQSHDNVSRWHQWLDOZDVVFDQQHGIURP íWR9DWWKHVFDQUDWHVRI
P9V 5HJDUGLQJ WR )LJ  WKH FRQWLQXRXV &9V DUH RYHUODSSHG RQ HDFK RWKHU ZKLFK FRQFOXGHV WKDW WKLV
SKHQRPHQRQ LV JRYHUQHG E\ GLIIXVLRQ SURFHVV $V FOHDUO\ REVHUYHG IURP WKH YROWDPPRJUDP UHGXFWLRQ SHDNV
SRVLWLRQHGDW í9DQGí9DUHUHODWHGWRWKHUHGXFWLRQRIGLVVROYHG2 LQWR+2í DQG2+í UHVSHFWLYHO\
$OVRDVGHPRQVWUDWHGLQWKHILJXUHK\GURJHQDGVRUSWLRQDQGGHVRUSWLRQZHUHRFFXUUHGDWDURXQG í9DQG
9UHVSHFWLYHO\ 7KHUHYHUVLEOHK\GURJHQVWRUDJHFDSDFLW\RIWKHFDUERQVSKHUHVREWDLQHGIURPVXFURVHDQGVWDUFKDUH
ZW DQGZWUHVSHFWLYHO\ZKHUHDVIRU0:&17VLVZW7KHVHYDOXHVDUHFRUUHVSRQGLQJWRDQG
P$KJUHVSHFWLYHO\
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)LJ*UDSKVKRZLQJLQFUHDVHLQK\GURJHQ )LJ*UDSKVKRZLQJK\GURJHQDGVRUSWLRQDWGLIIHUHQW
DGVRUSWLRQZLWKLQFUHDVHLQSXULW\ FXUUHQWVIURPP$WRP$
7KHUHVXOW LQ)LJVKRZVWKHLQFUHDVHLQK\GURJHQDGVRUSWLRQLQFDVHRIFDUERQVSKHUHVZLWKLQFUHDVHLQSXULW\
7KH )LJ SURYLGHV WKH LQFUHDVH LQ YDOXH RI K\GURJHQ DGVRUSWLRQ DV WKH LQFUHDVH LQ FXUUHQW IURP  WR P$
FXUUHQW7KHVHVDPSOHVDOVRVKRZWKHPD[LPXPDGVRUSWLRQDWP$FXUUHQW7KHPXOWLZDOOHGFDUERQQDQRWXEHV
VKRZDKLJKYDOXHWKHVWRUDJHZDVIRXQGWREHSULPDULO\GXHWRWKHVRUSWLRQRI+ JDVLQWKHSRUHVRIWKHQDQRWXEH
DJJUHJDWH FRPELQHGZLWK VRPHFKHPLVRUSWLRQRQ WKHDPRUSKRXVFDUERQ LPSXULWLHV LQ WKH VDPSOH7KH UHJLRQ IRU
K\GURJHQ DGVRUSWLRQ RQ 0:&17V LV WKH RQH FRUUHVSRQGLQJ WR WKH LQWHUDFWLRQ RI + PROHFXOHV ZLWK VS
FRQ¿JXUDWLRQRIFDUERQQDQRWXEHV,WLVWKHUHIRUHFRQFOXGHGWKDWWKHUHODWLYHO\KLJKHUHOHFWURFKHPLFDOFDSDFLW\RI
RXU0:&17VPD\EHUHODWHGWRWKHSXULW\DQGODUJHUPHDQGLDPHWHURIRXU0:&17V
 &RQFOXVLRQ
%XQGOHV RI ZHOO DJJUHJDWHG &DUERQ 1DQRWXEHV DQG FDUERQ VSKHUHV ZHUH VXFFHVVIXOO\ V\QWKHVL]HG E\ VLPSOH
K\GURWKHUPDO SURFHGXUH DW D FRQVLGHUDEO\ ORZHU WHPSHUDWXUH RI DERXW  & 7KLV PHWKRG VLPSOLILHV WKH
SUHSDUDWLRQ RI FDUERQ QDQRWXEHV DQG FDUERQ VSKHUHV DQG PDNHV WKH SURFHVV PRUH FRVWHIIHFWLYH 7KH K\GURJHQ
VWRUDJH FDSDFLW\ RI WKHVH VDPSOHV KDV EHHQ VWXGLHG HOHFWURFKHPLFDOO\  7KH VWRUDJH FDSDFLW\ RI RXU DV SUHSDUHG
FDUERQVSKHUHVREWDLQHGIURPVXFURVHIRXQGWREHZWIRUVWDUFKLW LV IRXQGWREHZWDQGIRU0:&17V
PDWHULDOLVZW$VZHKDYHYHUL¿HGUHSURGXFLEOHUHVXOWVZHUHREWDLQHG
$FNQRZOHGJHPHQW
7KHDXWKRUVDFNQRZOHGJHWKH8*&8*&'568*&'6$DQG'67 ),67IRUWKHLQVWUXPHQWDOIDFLOLW\DWRXU
'HSDUWPHQW3UHPLVHV7KHDXWKRUVZRXOGDOVROLNHWRH[WHQGWKHLUDFNQRZOHGJHPHQWVWR,,6F%DQJDORUH,QGLDIRU
6(05DPDQVSHFWURVFRSLFIDFLOLWLHV
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5HIHUHQFHV
%DVDYDOLQJX%%\UDSSD.<RVKLPXUD00DGKXVXGDQ3'D\DQDQGD6+\GURWKHUPDOV\QWKHVLVDQGFKDUDFWHUL]DWLRQRIPLFURWRQDQR
VL]HGFDUERQSDUWLFOHV-RXUQDORIPDWHULDOVFLHQFH ±
%U\DQ 5RJDOD  7KH )UDPLQJ RI )RVVLO )XHOV DQG &OLPDWH &KDQJH &RYHUDJH RI (QYLURQPHQWDO ,VVXHV LQ 7KUHH RI WKH 1DWLRQ¶V 7RS
1HZVSDSHUV7KH(ORQ-RXUQDORI8QGHUJUDGXDWH5HVHDUFKLQ&RPPXQLFDWLRQV
'LQDGD\DODQH7&$QQD.DF]PDUHN -HU]\àXNDV]HZLF] -HU]\/HV]F]\QVNL&KHPLVRUSWLRQRI+\GURJHQ$WRPVRQ WKH6LGHZDOOVRI
$UPFKDLU6LQJOH:DOOHG&DUERQ1DQRWXEHV-RXUQDORI 3K\VLFDO&KHPLVWU\&  ±
-LQJ.RQJ 1DWKDQ5)UDQNOLQ &KRQJZX=KRX 0LFKDHO*&KDSOLQH 6KX3HQJ .\HRQJMDH&KR +RQJMLH'DL 1DQRWXEH0ROHFXODU
:LUHVDV&KHPLFDO6HQVRUV 6FLHQFH 
.ULVKQDPXUWK\ * 1DPLWKD 5  6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI &DUERQ 1DQR0LFURVSKHUHV IURP 6WDUFK E\ /RZ7HPSHUDWXUH
+\GURWKHUPDO3URFHGXUH $GYDQFHG6FLHQFH(QJLQHHULQJDQG0HGLFLQH  
.ULVKQDPXUWK\* 1DPLWKD 5  6\QWKHVLV RI VWUXFWXUDOO\ QRYHO FDUERQPLFUR QDQRVSKHUHV E\ ORZ WHPSHUDWXUHK\GURWKHUPDO SURFHVV
-RXUQDORI&KLOHDQFKHPLFDOVRFLHW\Q
.ULVKQDPXUWK\ * 1DPLWKD  $ 1RYHO 0HWKRG RI 6\QWKHVLV RI &DUERQ 1DQRWXEH E\ +\GURWKHUPDO 3URFHVV ,QWHUQDWLRQDO -RXUQDO RI
6FLHQFH5HVHDUFK
1DH\RXQJ-XQJ 6RRQJHXQ.ZRQ'RQJZRRN/HH 'RQJ0\XQJ<RRQ<RXQJ0LQ3DUN $QDVV%HQD\DG -DH<RXQJ&KRL -RQJ6H3DUN
 6\QWKHVLV RI&KHPLFDOO\%RQGHG*UDSKHQH&DUERQ1DQRWXEH&RPSRVLWHV DQG WKHLU$SSOLFDWLRQ LQ/DUJH9ROXPHWULF&DSDFLWDQFH
6XSHUFDSDFLWRUV $GYDQFHG0DWHULDOV  ±
3LHU 3DROR 3URVLQLD $OIRQVR 3R]LRD 6DELQD %RWWLE 5REHUWR &LDUGLE  (OHFWURFKHPLFDO VWXGLHV RI K\GURJHQ HYROXWLRQ VWRUDJH DQG
R[LGDWLRQRQFDUERQQDQRWXEHHOHFWURGHV-RXUQDORI3RZHU6RXUFHV±
5LPDO $EX 7DKD 7XJUXO 'DLP 0XOWL&ULWHULD $SSOLFDWLRQV LQ 5HQHZDEOH (QHUJ\ $QDO\VLV D /LWHUDWXUH 5HYLHZ *UHHQ (QHUJ\ DQG
7HFKQRORJ\
5HQDWD2ULQDNRYD$QGUHM2ULQDN5HFHQWDSSOLFDWLRQRIFDUERQQDQRWXEHVLQK\GURJHQSURGXFWLRQDQGVWRUDJH)XHO
5DMDODNVKPL1'KDWKDWKUH\DQ.6*RYLQGDUDM$6DWLVKNXPDU%& (OHFWURFKHPLFDOLQYHVWLJDWLRQRIVLQJOHZDOOHGFDUERQQDQRWXEHV
IRUK\GURJHQVWRUDJH(OHFWURFKLPLFD$FWD±
6KHQGHURYD2$=KLUQRY99%UHQQHU':&DUERQ1DQRVWUXFWXUHV&ULWLFDO5HYLHZVLQ6ROLG6WDWHDQG0DWHULDOV6FLHQFHV±

=H\XDQ&DR %LQJTLQJ:HL $SHUVSHFWLYHFDUERQQDQRWXEHPDFURILOPV IRU HQHUJ\VWRUDJH (QHUJ\(QYLURQPHQWDO6FLHQFH 

=DR[XH<DQ+XL0HQJ/HL6KL=LKXL/L3HL.DQJ6KHQ6\QWKHVLVRIPHVRSRURXVKROORZFDUERQKHPLVSKHUHVDVKLJKO\HI¿FLHQW3G
OHFWURFDWDO\VWVXSSRUWIRUHWKDQROR[LGDWLRQ(OHFWURFKHPLVWU\&RPPXQLFDWLRQV±
